The development of renovascular hypertension is directly related to the elevated levels of angiotensin II (Ang II) that occur in the plasma and inside the kidney as a result of a decrease in perfusion pressure. [1] [2] [3] [4] We do not yet fully understand how these elevated levels of Ang II increase blood pressure. It has been known for some time that the Na,K-ATPase is the active transport mechanism that drives sodium reabsorption in the kidney and that Ang II directly stimulates Na,KATPase activity in the proximal tubule. [5] [6] [7] [8] [9] [10] Therefore, one possible mechanism by which Ang II could increase blood pressure is to stimulate Na,K-ATPase in the kidney cortex and increase the capacity to reabsorb sodium and fluid. This stimulatory effect of Ang II on Na,K-ATPase activity in proximal tubules can occur within a few minutes after an increase in Ang II. 8, 10 At least part of this rapid response is due to increased trafficking of Na,K-ATPase to the plasma membrane, which at least in opossum kidney cells expressing the rat kidney Na,K-ATPase is due to increased phosphorylation of the Na,K-ATPase at Ser-11 and Ser-18. 8 This trafficking type mechanism could also be present in rat proximal tubules in vivo and be relevant to the development of renovascular hypertension, because a brief (5 min) reduction in perfusion pressure rapidly increases the amount of Na,K-ATPase in the plasma membranes of a proximal tubule rich sample via an Ang II-dependent mechanism. 5 In addition to these acute effects, exogenous Ang II administered in vivo has also been shown to increase the total amount of Na,K-ATPase in the renal cortex of diabetic rats. 11 Therefore, to determine whether the Na,K-ATPase in the kidney cortex could be part of the mechanism by which Ang II increases blood pressure during renovascular hypertension, we have tested the hypothesis that there is increased expression of Na,K-ATPase and increased phosphorylation at Ser-11 and Ser-18 in the 2-kidney 1-clip (2K-1C) rat model of hypertension. The 2K-1C rat model was chosen, because it has already Increased Expression of Na,K-ATPase and a Selective Increase in Phosphorylation at Ser-11 in the Cortex of the 2-Kidney, 1-Clip Hypertensive Rat Lauren Kava 1 , Noreen F. Rossi 2 , Raymond Mattingly 3 and Douglas R. Yingst 1
Background
The mechanism by which blood pressure increases during renovascular hypertension is incompletely understood. We, therefore, tested the hypothesis that in the 2-kidney, 1-clip (2K-1C) rat, in which hypertension develops due to increased angiotensin ii (ang ii) levels, there is increased expression and phosphorylation of Na,K-aTpase at Ser-11 and Ser-18 in the kidney cortex. The rationale is ang ii is reported to directly stimulate Na,K-aTpase activity in proximal tubules, which reabsorb 2/3 of filtered sodium, via increased phosphorylation at Ser-11 and Ser-18 and the Na,K-aTpase drives sodium reabsorption.
Methods
Five-week-old Sprague-Dawley rats underwent unilateral or sham clipping of the right renal artery and placement of telemetry transmitters. Six weeks later blood pressure and plasma ang ii were measured and kidneys harvested. The amount of Na,K-aTpase, phosphorylation at Ser-11 and Ser-18, and the expression of β-actin in each kidney cortex were measured by quantitative immunoblotting.
original contributions Na,K-ATPase Regulation in 2K-1C Rats been well established that the increase in blood pressure is initially due to elevated levels of Ang II. 2, 4, 12, 13 Furthermore, both Ser-11 and Ser-18 have already been shown to play a central role in how Ang II stimulates rat kidney Na,K-ATPase expressed in opossum kidney cells. 8 Our results show that clipping increased the cortical Na,K-ATPase in the unclipped of 2K-1C rats compared sham-clipped rats and the overall amount of cortical Na,K-ATPase in both kidneys compared to sham-clipped rats. In addition, we have demonstrated that clipping significantly increases the extent to which the Na,KATPase is phosphorylated at Ser-11 without any change in the phosphorylation at Ser-18. These results support the idea that the development of renovascular hypertension is associated with activation of Na,K-ATPase in the kidney cortex.
Male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN), were used for all experiments. They were housed under controlled conditions (21-23 °C; lights on, 07:00-19:00 h) and had free access to water and standard rat chow. The rats were cared for in accordance with the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols were approved by our Institutional Animal Investigation Committee.
Surgical procedures.
In 5-week-old rats under combined ketamine 80 mg/kg and xylazine 5 mg/kg intraperitoneally anesthesia, a silver clip (0.2 mm) was placed around the right renal artery via a flank incision (2K-1C group). Rats in the sham-clipped group underwent identical surgery but were not clipped. A radiotelemetry transducer (TA11PA-C40; Data Sciences Intl., St Paul, MN) was then implanted by exposing the femoral artery and temporarily occluding the proximal end, the gel-filled catheter attached to the transmitter device was inserted into the distal aorta via a 21-gauge needle. The catheter was advanced and secured with medical adhesive and the transmitter placed subcutaneously and sutured to the underlying muscle. The skin was closed with surgical staples. At the end of surgery, each rat received butorphanol tartrate 0.075 mg subcutaneous for analgesia. Each rat was returned to its home cage with its individual receiver.
Blood sampling and renal tissue harvesting. Six weeks after renal artery clipping or sham clipping, rats were anesthetized with ketamine-xylazine as before. The aorta and kidneys were exposed via a midline abdominal incision. A ligature was placed on the distal aorta just above the bifurcation of the iliac arteries. A ligature was loosely placed around the proximal aorta between the superior mesenteric and renal arteries so as to temporarily occlude (~3 s) blood flow during rapid cannulation of the aorta. One milliliter of aortic blood was withdrawn for Ang II measurements. The proximal aorta was then occluded and the vena cava cut. The kidneys were perfused with 20-ml ice-cold phosphate-buffered saline with 1,000 U/100 ml heparin at pH 7.40 over 2 min followed by icecold 40 ml phosphate-buffered saline pH 7.40 over ~4 min.
Both kidneys were rapidly removed, placed into ice-cold saline and weighed.
To determine whether clipping changed the amount of protein in the kidney cortex the remainder of the renal cortex from both right and left kidneys were sharply dissected from medulla, weighed, and minced on an ice-chilled Petri dish. A portion of each minced cortex was transferred to a microcentrifuge tube containing 1-ml ice-cold radioimmunoprecipitation assay buffer containing 2% sodium dodecyl sulfate and a protease inhibitor cocktail 14 and phosphatase inhibitors (1 μmol/l microcystin, 1 μmol/l okadaic acid, and 1 mmol/l sodium orthovanadate). The tube was capped and vortexed a minute at a time for 20 min at room temperature and then centrifuged at 12,000 relative centrifugal force for 10 min at 10 °C. The supernatant was removed, an aliquot removed to determine the total protein, and both the aliquot and the remaining supernatant sample were immediately frozen at −80 °C. Protein concentration was later determined by a bicinchoninic acid assay following the manufacturer's suggestions.
Radioimmunoassays for Ang II. Plasma samples for Ang II were processed as described by Navar and his colleagues 15, 16 as previously modified. 1 The eluate was taken to dryness under nitrogen and stored overnight at −20 °C. The extracts were reconstituted in 0.5 ml assay buffer consisting of 50 mmol/l sodium phosphate, 1 mmol/l EDTA, 0.25 mmol/l thimerosal, and 0.25% peptidasefree human serum albumin. All samples were assayed in duplicate using 125 I-labeled Ang II (Perkin-Elmer, Billerica, MA) as the tracer and anti-Ang II antibody (Peninsula Laboratories, San Carlos, CA) at final dilution of 1:660,000. Nonspecific binding was 2.1%, the lower limit of detection was 0.5 fmol/tube and 50% binding was 15.2 fmol/tube.
Immunoblotting. The absolute amount of α-subunit of Na,KATPase in each of the samples was measured by immunoblotting as previously described 5 loading 4 μg of total protein per lane. Immunoblot signals were quantified in arbitrary units using a Fuji LAS-1000 System and Image Gauge version 3.3 software. Each of the original samples was run on at least three separate blots and mean amount of α-subunit of Na,KATPase quantified using rat kidney with known amounts of Na,K-ATPase as a standard. 5 Blots that had been probed for the α-subunit of Na,K-ATPase were stripped and probed for β-actin. Each of the samples was independently assayed for the amount of phosphorylation at Ser-11 and Ser-18 using site-directed phosphospecific antibodies developed with Cell Signaling Technology (Danvers, MA). Both of these antibodies were used at a dilution of 1:1,000.
Materials. We purchased sodium dodecyl sulfate-polyacrylamide gel electrophoresis reagents from Fisher Scientific (Hanover Park, IL); acrylamide from Bio-Rad Laboratories (Hercules, CA); PVDF from Millipore (Billerica, MA); bicinchoninic acid assay from Pierce Biotechnology (Rockford, IL), horseradish peroxidase-conjugated secondary antibodies from Jackson ImmunoResearch (West Grove, PA), KPL original contributions Na,K-ATPase Regulation in 2K-1C Rats chemilumenscence reagents from Insight Biotechnology (Wembley, UK), phosphatase inhibitors from Axxora, LLC (San Diego, CA). All other reagents, including the antibody to the α-subunit of Na,K-ATPase (M8-P1-A3) were purchased from Sigma-Aldrich (St Louis, MO). Anti-P-Ser-11 (CST#4020) and anti-P-Ser-18 (CST#4006) were from Cell Signaling Technology.
Statistical analysis. Differences between samples from shamclipped and clipped rats for each parameter were analyzed using a Student's t-test.
results
Clipping significantly increased the blood pressure (Figure 1a) and the plasma concentrations of Ang II (Figure 1b) . Kidney weights were similar in the sham-clipped rats: left, 1.3962 ± 0.0374 g vs. right, 1.3477 ± 0.0457 g. Kidney weights of the nonclipped left kidney were significantly greater (1.7206 ± 0.1313 g) compared with the clipped right kidney (1.2547 ± 0.05445 g; P < 0.05 vs. left) in the 2K-1C rats. The combined total weight of kidneys from the sham rats (2.7439 ± 0.0538 g) was not different from that of the 2K-1C rats (2.9753 ± 0.1526 g).
We could readily detect α-subunit of Na, K-ATPase, β-actin, and phosphorylation of Na,K-ATPase at Ser-11 and Ser-18 in both kidneys of the sham-clipped and the 2K-1C rats (Figure 2) . In 2K-1C rats the ratio of Na,K-ATPase to cellular protein in the cortex of the left unclipped kidney was significantly higher than the ratio in the left cortex of the shamclipped rats (Figure 3a) . Also, there was a significant increase in the average ratio of Na,K-ATPase to other cortical proteins in the cortexes of both kidneys from 2K-1C rats compared to those from sham-clipped rats (Figure 3a) . The total amount of protein in the cortex of the left unclipped kidneys from 2K-1C rats was significantly higher than the clipped right kidney (Figure 3b) . However, there was no difference in the combined total cortical protein in the left and right kidneys of 2K-1C rats compared to sham-clipped (Figure 3b) . The total cortical Na,K-ATPase of the left unclipped kidney from 2K-1C rats was significantly higher than the total cortical Na,K-ATPase in the left kidney of sham-clipped rats (Figure 3c) . Likewise, there was significantly more total Na,K-ATPase in the combined cortices of the two kidneys from 2K-1C rats than the two kidneys from sham-clipped rats (Figure 3c) .
Finally, to determine whether there were changes in phosphorylation of the Na,K-ATPase that were not simply the result of increased expression of Na,K-ATPase, we measured the amount of phosphorylation per unit α-subunit of Na,KATPase in both kidneys from sham-clipped and 2K-1C rats. We found that clipping significantly increased the average phosphorylation of Na,K-ATPase at Ser-11 per α-subunit (Figure 4a) , but had no effect on the phosphorylation of Na,KATPase at Ser-18 per α-subunit (Figure 4b) . discussion We have shown that during the development of renovascular hypertension there was a significant increase in the total amount of cortical Na,K-ATPase and a higher proportion of this Na,K-ATPase was phosphorylated at Ser-11. Our results support the hypothesis that there is increased expression of Na,K-ATPase relative to other proteins and increased 
original contributions
Na,K-ATPase Regulation in 2K-1C Rats phosphorylation at Ser-11 per unit Na,K-ATPase in kidney cortex in the 2K-1C rat model of hypertension. These results show that activation of Na,K-ATPase in the renal cortex could be part of the mechanism by which blood pressure increases during renovascular hypertension. The increased expression and phosphorylation at Ser-11 per unit Na,K-ATPase that we observed 6 weeks after clipping is certainly consistent with the observed increase in plasma Ang II levels. Cortical Ang II, which becomes elevated in both clipped and unclipped kidneys within seven days of clipping, 12 could also have contributed to the observed changes in Na,K-ATPase. Both plasma and cortical Ang II change with distinctive time courses during the development of hypertension in the 2K-1C model. [12] [13] 17 Therefore, it should be possible to better evaluate the respective roles of plasma and cortical Ang II in regulating the expression and phosphorylation of the Na,KATPase once we learn more about how the expression and phosphorylation of the Na,K-ATPase at Ser-11 changes as a function of time in the 2K-1C rat.
Based on studies carried out in opossum kidney cells expressing the rat α-1 subunit of Na,K-ATPase, we expected increases in plasma Ang II to increase the phosphorylation of the Na,KATPase at both Ser-11 and Ser-18 via the activation of protein kinase C-β (PKCβ). 8 Nevertheless, it is important to note that the Na,K-ATPase in the kidney of most mammals, including humans, does not contain Ser-18, although it does contain Ser-11. 18 Thus, one possibility is that in the native cellular environment of rat kidney cortex that Ang II stimulates the trafficking of Na,K-ATPase to the plasma membrane by increasing the phosphorylation of Ser-11 independent of changes at Ser-18 as has been proposed for human kidney Na,K-ATPase. 19 original contributions
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A second possibility is that the increase in phosphorylation at Ser-11 caused a decrease in the amount of Na,K-ATPase in the plasma membrane, as observed in rabbits with renovascular hypertension. 20 There is, however, no data showing that Ang II-dependent increases in phosphorylation at Ser-11 inhibits activity and causes endocytosis, although it has been observed in LLCPK1 cells expressing the rat kidney Na,K-ATPase that PKCζ-mediated phosphorylation at Ser-11 in response to dopamine leads to endocytosis and inhibition of activity. 19 Finally, it is possible that increasing the phosphorylation at Ser-11 in response to Ang II stimulates activity by increasing the affinity of the Na,K-ATPase for intracellular sodium, which is the pump's rate-limiting substrate. This is possible, because Ang II is reported to increase the affinity of the rat kidney Na,KATPase for intracellular sodium 6, 10 and in COS cells expressing the α-subunit of Bufo marinus 21 increasing the phosphorylation at Ser-11 in response to the activation of PKC by phorbol 12,13-dibutyrate activates the activity of the Na,K-ATPase by increasing its affinity for intracellular sodium. Similar to the human form of Na,K-ATPase, the α-subunit of B. marinus contains a PKC phosphorylation site at Ser-11, but not at Ser-18. 18 In conclusion, during renovascular hypertension there is increased expression of Na,K-ATPase in the kidney cortex and a significantly greater proportion of this cellular Na,K-ATPase is phosphorylated at Ser-11, where as there is no change in phosphorylation at Ser-18. These data clearly show that the Na,K-ATPase in the kidney cortex is regulated in renovascular hypertension and could directly contribute to the development and maintenance of high blood pressure by increasing the capacity of the kidney cortex to reabsorb sodium and water. 
